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BE CAREFUL! Follow inslruclions closely! The pxperimenls in this book and in The 
Explorafofium Science Snackbook were designed with safely and success in mind. But even (he 
simplest activity or the most common materials can be harmful when mishandled or misused. Use 
common sense whenever you're exploring or experimenting. 
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TttUn Cr*aM Vtnkni «f ()|l«f*l«<tM IiAiMi 



In 19<S^, two dozen niidtlle Jind high 
school science teachers met at tiie 
Mxploratoriuni in San i-rancisco to liej;in the 
three-year (process of writ in 'fhe 
lixplnraloriiaii Scionv Snackhonh. The 
Snad'hook, written by teachei-s. Tor teachei's. 
shows how to build excitinj;, hands-on 
science exhibits for the classroom. 

While. S>/i'/c"/V;oo/' may seem an odd nnnie 
for a publication about hands-on science, 
it's moiv apt than you might think. I'or 
many yeaiN, the Kxploratorium has 
published a series of ^',WV;m/y that contain 
exhibit "recijies" — instructions used h\ 
other museums to huiltl duplicates of 
Mxploratoriuni exhibits. The Siuichhook 
contains exhibit ivcipes, too — hut not for 
the complex, fid I -sized exhibits designed for 
other museums, Siuickhook '*Snacks" aiv 
inexiKMisive. classnxMU -sized wi'sions of the 
same science exhibits we have here at the 
Kxploratorium. 

This booklet. ' Hands-On Science." was 
written to helj) teachei^ climb out of their 
textbooks and ioin iheir students in 
discovering science fort hen iselves. It 
features :ulicles by elementarv", middle, a. " 
high school teachers who have adajaed 
hands-on science for their classrooms, and 
now- teach science using interacti\e 
materials from 7'he FAp/orii/oriKn/ 
Scioicc Sfiackhonk. J 
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The Hxplomtoriiini 
Science Snackbook; 
icbcit if is and boiv 
you can useil. 

by Paid Dobcr/y 




Paul Doherty. Co-Director of 
the Snat.'i\h()()k l)roJect, is the 

.kiiiif^ Director of the 
l:Xf)lor(ifoniiifi s Center for 
l caching and I.earni/ift. lie /.ufs 
been nvrkif^ti with hii*h school 
ami middle school teachers at 
the l-x/doratoriamfor six 
years. Ik'fore coiuiiii* to the 
rx/doratoriaoi, l\ml was a 
/fhysics /nvfessfw at Oakland 
I ifirersi/y in \fichifian. where 
he learned the i}nj>ortance o f 
usiu^ hands-on science in hijih 
school classrooms from the 
Detroit Metro/)olitan . Uva 
Physics Teachers, tie is mar 
(latherin}* teachers to start 
nvrk on Son of Snackbook. 



Getting Hands-On 
Science Into the 
Classroom 



Who we are and what we do 

Till- l-XPLORATOUIl'M is a liaiuls-oii nuisouni of science, arl. and luiinan perception in 
San ii'ancisco. It's been called a scientific timlionsi.'. a ^iant expehnienlal hiboraton*. 
even a mad scientist's penny arcade. 
Kacli \ear. more than half a million \ isii()i"s come to the Hxploraloriiim: ()0.000 of iliem are 
stndenlson field trips. Once inside. visit()i"s of ever\' ai^e haw the opjK)rtnnity to nse interactive 
exhibits to discover for themseh es the wondei" and joy of science. We often see onr visitors become 
science teachei's: they discover thinj^s for themselves, then show their discoveries to someone else. 
Kids tuni to their parents and say. "Look at this!" More than M) lunuls-on exhibits allow \'isitoi'S 
to discover that science is fnn. 

How the Snackbook began 

Kver since its opening in 1%^. teacher from aron nd the San IVancisco Hay Area have hr()iii;ht 
their classes to the Kxploratorinm to ^et their kids excited ahont science. I'roni tlie \eiy bei;innini;. 
thesi' teiichei-s :isked ns to help them learn the science behind tlie exhibits. In response, the 
Kxploratorinm created two teacher-traininj^proi^rams: the School in the Ivxploratorinni. for 
elemenlaiy school teachei's. and the Teacher Inslitnte. for niiddk' and hi^li school teachei's. These 
pro};rams teach science to teachers nsiii^ hands-on discoveiy — the same inetlKKl we eiU'ouraj;e 
them to nse in teaching science to their stndents. 

The teachei's in both proj;ranis often iisked. ' !low can 1 brin^ these exhibits home to in\ 
chissr(H)in? ' That w;ls a challenge the l!xplonUorinin couldn't ignore. We already had three 
Cookbooks, which were written to help other mnseiinis create dnplicates of lAploralorium 
exhibits. 15ut C(H)khook instinct ions were complex and deinandini^. and relied on materials and 
skills well beyond those available to the averaj;e teacher. The Teacher Institute helped a i;ronp of 
teachei's to write the book they wanted — a book telliiii^ how to build simple, inexpensive, 
classroom-sized \ei'sions of Mxploratorium exhibits. 

For thrcv vears. nearly one hundred teachei's and Kxploratorinm staff meinbei's created and 
tested reciiK's for chissroom science exhibits. W ith iissistance from the Kxploratoriuin's own 
science, writing, and graphics staff, these recipes were turned into the lixphraloriuni ScieikV 
Snackbook — or [\]{iSfi(ickhook. for short. Snackhook contains Ur recipes for "Snack- 
sized" versions of Kxploratorinm exhibits. 

Kach Snack w;is developed by one or more teachei's tr\iiii; to create a classroom -sized wi-sion of 
a full -sized l!\ploraioriuin exhibit. Often, a teachers fii'st attempt to duplicate an Kxploratorium 
exhibit would fail, but eveiyoiie on ihi} Snockhook team worked together to solve [H'obleins. come 
up with new ideas, and find creative ways to bring these experiments into the classroom. 

Time after time, the teachei's experienced the joy of discovering new ways to do science. 
Soinelinies dieir innovations even improved on die (H iginal museum exhibit. The rubber-glo* e- 
iu-the-bottle vei'sion of the "1-og (Ihamber" Snack, for instance (seepage allows students to 
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Soap I'ilni Painting /,sv/// iwcelloit 
Lwamjilc ufau Ey/j/arafoniDii 

exhibit. \ iKi'tors fmll a huff rod u/i 
(Hit of a tray ofsoti/i xolntiou to 
create a wall ofsoapji/iu, I'hey 

LWi flake tfjc soaf)jl(m ami break 

it. hloir into it to make it bul^e, or 

triple it to makestamliu^ wares, 
W ith f}atieut a/)serratian. th' 

risitar can watch tlx' wall of pastel 
colors chau^e with time as the 

soapjflm thins to the thickuess of 
a wareleuf^th ofliffht and less. As 
childre)} ami adnlts explore the 
exhibit, they are exposed to a 
trememloas rau^e ofscientiftc 
concept s—frao) the natnre of 

snrface teusian to the interference 
ofliiihL 



fwl the pressiice cliatiges that civate the foj» in the jar. The full-sized Hxploratoiiuin vei^Jion 
Joes nol. 

The excitement of \\\{iS)tachhook hrainstorniiiig sessions was contai^ioiis. Teachei-s tokl us 
lhat they felt a rejuvenated interest in teaching science. 

What's in a Snack? 

The design of the Siiacklmk reflects the needs and reqiiesLs of the 
teachers who created it. The Snacks are divided into easy-lo-lbllow 
sections that include instinctions. advice, and helpful hints, l-ach Snack 
hegins with drawings and photographs of both the original, full-sized 
exhihit. and the teacher-created, classrooni-sized version. A short 
paragi'aph inlrcxiiices the science behind the exhibit. Thea^'s a list of the 
materials needed, and suggestions on how to find them. Other sections 
give complete assembly instructions and contain descriptions of how to 
use the coiiijileled experimenLs. 

Since the teachei^ insisted that correct scientific explanations 
accompany the hands-on activities, each Snack explains (he science 
behind the phenomenon being demonstrated, \ section called "I-lc." 
contains iiileresling bits of additional historical and scientific 
information. 

How to use the Snackbook 
After its publication in August of 1991, iUn Siiackhonk rajiidly found its way far be\-oiul the 
San Francisco M Area. W ithin a week, for example, the l-xploratoriuiu had recei\ed a request 
from tile Outback of Australia asking us to hel[) teachen; ilierc find a supplier of plastic 
luirrors for {hun Snackbook experiments. 

We also discovered that a wider range of teachers were using \\\{iS}iackl)aok than we had 
originally expected. Tliough \\M^Suacko(mk was written primarily for high school teachers, we 
began lo hear of successful a|)|ilications in elementaiy sch(K)ls, middle schools, colleges and 
universities. We also heard froui local science teachers who had special etlucation classes or 
were working with students learning l-:ngl ish as a second language. While these students had 
givat trouble learning science from their textbooks, many excelled at building Snacks and 
investigating science. 

We found that iht^Snacklmk was particularly ust.*ful in school districts where science 
department funding was tiny. With its emphasis on inexpensive- or scrounged parts, the 
Snackbook gave teachers in less-well -funded districts a way to do hands-on science activities 
f)n a tight budget. Teachers who had never been to the Kxploratorium asked us how to weave 
the hands-on adivities described in \\\{!Sf/ackboak into their classrooms. The need for a guide 
like this one became obvious. 

There are many w ays »:) incoqiorate interactive science acti\ ities into your classroom. I n 
the articles that follow, we will show you how several of our l(»cal teachers use the .S)iacklmk 
to helj) their students create science exhibits of their own. flight Snacks are also pr()\ itied for 
\ou. We hope that this booklet will give you a few new ideas. j 
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With nikklle-scbool 
students as exhibit 
builders, you can 
create a science 
museum in your 
classroom. 

by Modesto Tamez as 
told to Mary K Miller 




Modesto Tamvz. a Teacher in 
Residence al /he 

lixjiloralorinm. bos heen 
feachin^fi science and bdin^md 
classes for ei^ihleen years. His 
Jh'Si job icas teaching at an 
inner-cily elenienfary school in 

Cbicanu. W ben dn indlinii 
enro/hneni Ibrealened fo close 

fbescboal. Modesto belfjed 

derelof) a hands-on science 

cnrricninm lo conrerl the 
school into a science magnet 

and draw in more stndenls. 

Modesto says tljc idea jor 
creating a niini- 
Exldoratorinm ' ^' came to him 
in a dream. Son' he 's n'(n'kin^ii 

hi nine schools in the San 
t'rancisco tiny Area, inclmlin^ii 
fonr inner-city scfjools. fjel/)in^f^ 

teackrs derelof) tfjeir own 
classroom science museums. 



Building a 
jUini-Exploratorium 



ONI- or Till- THl'l'JOYS OF TKACllING is when you sir the "li^liLs on" in a 
sluJuiU's eyes: liie lights of curiosity, wonder, aiul undciMandiiij;. 1 gel excited whiMi I 
liook stiidenLs; wlien they start iisking and tlien answering their own questions, 
discovering For llieniselves tlial science can lie I'un and iinderstandaiiie, Tliis is what 1 see wlien 
tlie tools for f.eacliing are hands-on experinienls that students clioose and Iniild tiieinselws. W ith 
a little organization and effort, tiiese individual projects can form the Ixisis of a science 
nuiseiMu ill a chissrooni. a resource that can he shared with tlie entire school. There are 
probahly :ls many ways to use the Stuwkbook as there are leachei^ to use it. hut thiN is the 
method that works best for me. 

Creating a mini science museum is easier and cheaper than you may think. I recently 
organized two science classes to build hlty-fiw exiiibiLs. The exhibits took us a linle over 
a Jiionth to complete and cost about three hundred tlollars. The rewards in student pride 
and knowledge and the attention the mini-Kxploratorimn'^' garnered for the schooFs 
science [H'ngram were well worth the time, effort, and expense. You can do it loo. 
help from your students and the recipes in The lixplora fori i/m ScieinvSinwkbook. 

I start by selecting and building ten or twelve SnackN to demonstrate to my class. All 
the Snacks in the Sthwkbook are deliberately low lech, but some are more ad\anced than 
othei's. 1 choose e:Lsy-lo-handle projects and jiractice building and denionstraling them 
before showing them to my chivs. \\1ien I show them lo n)y students, I stress how easy and 
quick they were to assemble. To reinforce diis. sometimes I act u alb have nn students time me 
putting a Snack together. 

On the liN one or two Snacks. I go slowly through the demonstration. I spend some time 
helping the students figure out the science behind what they're seemg. Rather than telling them 
the answer right away, I tiy to wiggle it out of lliem. I'm deliberately stingy with answeiN: I tell my 
students they have to work for the answei's. They soon find out that it's hin to disco\er the answei-s 
for themselves. 

I recently use*d a nKxIified version t»f the iog(!bamlK'r" Snack (see jiage ") to introduce a 
chiss to the concept of air pressure. 1 stivtched a nibherglo\e over die opening of a glass jar so 
that the fingers of the glove dangled inside the jar. I called for a \olunleer and chose Steve, (Jiie of 
the larger hoys in the chiss. to help deiiioiislrate. I asked Steve to put his hand inside the glove. 
Steve tried, but iiiiich to the amusement of the rest of die class, he couldn't force his hand in. After 
diey stopped giggling. I iLsked the students to guess why Steve couldn't get his hand into the 
glove — what was already in the jar diat might keep Steve's hand from going all die way in? They 
answered: "air." 

Then i asked a smaller student Ann, loput her hand in the gIo\e-iii-a-iar. Her hand fit in 
easily, which got another big laugh from the chtss. W hat was the difference k'tween Ste\e's hand 
and Amy's hand? Her hand is smaller and doesn't take up :ls much room. " they answered. iTom 
that i could lease out die details: the air inside the sealed jar exerts a force on the student's hand; 
because Steve's hand was larger and took up more room inside die jar. the force exerted on his 
hand from air pressure \v:is also larger. 
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These tan students hare built a 
nw kiuii periscope. All it took was 
souu* tape, PVC pipe ami elbows, 
tiro plastic mirrors, and a little 
iu}>euuity ami ima^i^iuation. 



This is a wiy simple L-xperiineni. hiii wiili it I ininKliicd a fiiiulainenla! scieiiil!icpniici|ile 
to acliLss that liad no previous inslniclion in any ofllie |)lnsical sciences. [W c\\)L'mm]\\\\^, 
olisemnj;. and iLsking questions, the sliideiiLs experienml and learned for themselves 
that air Ikis pressure. 

Sometimes I take a conipletel} dilTerent approach to a Snack, ;ls I did receiitiv 
when i demonstrated "Doppler i-ffeci" (seejia^e 10) to four separate sciena*cl:isses. 
The students iLssenihled on a griissy knoll outside the chissroom while I ran to j^et my 
car. For the next few minutes I zoomed piLst them—hack and forth— blaring my 
horn :ls they cheeivd and waved. The students said they could clearly hear the I )oppler 
etfect: the pitch of the horn got higher when the car iiioveil toward them and lower 
when it moved away. The experiment workeil heautifully Ibr the hi-st three classes. On 
the fourth and final ckiss. as I was cruising down the street with my hand iammed 
full on the honi, I saw the flashing red lights of a police car in my rear-view mirror. 
ThestiidenLs,ofc()iM^' were delighted. 

Peering into my car. the puzzled officer in(|uired, "What aiv you doing?" ;Vs if it 
wei-e an evenday activiiy (which, for me, it is), I replied, 'I m teaching ni\ ckiss 
ahout the Doppler effect." This gave the officer pause (perhaps he was wondering 
what kind of ticket should he issued f(;r someone conducting n«)jsy, oiK'n-air science 
experiments). A school security guard, I'amiliar with my antics, finally came to mv 
rmie. "It's okay." he explained, "he's just a craz\- science leaclu'r. " 

After one or two tiemonstrations, I gi\e my students some lime to pla\ wilii the 
completed Snacks. Don't woriy if you can't answer all the (juestions the students iisk 
or if some of the Snacks don't work the way the\ should. If sonielhin;4 g(K»s wrong, tell 
the class that trial and error is pari of the scientific process. Tinker with, the Snack and 
have the students help you tiy to figure out what's wrong. Pitching in and w orking 
together to solve a prohlem is a crucial part of constructing hands-on science |)roiects. 
Once the students have heen introtluced to Snacks, it's time for each of them to choose one 
of their own to build. I usually select seveuiy or eightv Snacks from WM^Snachhmh that I 
think are appropriate f{)r nn cI:lss level. I p;Lss them out to the chiss and have each student 
pick three to hve Snacks, ranking them fmm their favorite to their kust favorite. I tell m\ 
sUidents I'll tn to give them their favorite, hut if other students choose the same Snack 1 may 
ha\e to gi\e some of them an alternate choice. Sometimes 1 opt for one of the harder Snacks 
rather than gi\e a student his or her fii-st choice, because I want to challenge those students 
that I know are capable of handling UKHV difficult iLssignments. 

After the students know which Snacks they're building. 1 gi\e them a week to gather the 
materials. The students are left to their own resources: some materials will be in the 
cbLssroom: othei-s they'll have to find for themselves. If they can't find something on their list. 
I encourage them to substitme. I tell them it's okay if their Snack isn't exactly the same jls the 
one in the book. 

It usiialK takes three to four weeks for the students to assemble and put the finishing 
touches on tiieir Snacks. 'I'his gives them plentv of time to linker and perfect. If they run into 
problems or want to tiy a different appn)acii, I talk it over with them. I encourage them to 
experiment and work together with other students or their parents. I'm always anuD^ed at the 
creative solutions my stutlent.s come up with: often, a nuKlified Snack is an impro\enienl over 
the original. 

Iwen though each Snack has only one builder, the students often work together to find 
solutions to each othei-s' problems. /\s i(kus are bounced around the ckiss. the students all 
impro\ e their problem-solving skills. In a recent chiss. one of my students wjls working on 
"MIrrorly a Window" (see page 9). :>he didn't want to glue wockIcu dowels to the mirror 
because she thought that it would be too messy. Instead, she decided to drill holes through the 
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( sing cardlmrd tubes, (ajw. and a 
{)inc hoard, Ik'se kids hare hnill 
(be "Pijws of Pan "Snack from The 
Hxploratorium Science Snuckbook 
iiecanso each (uhc is a different 
iengtb. each resonates with a 
dij]erent sound. 



pIiLslic mirrors. She might have heen iihle to drill the holes herself in a hij^h sch(H)l shop class, 
but this school didn't have the facilities. We talked it over and she decided to take the mirrors 
to a iihustics supply store. 1 iisked her how big the hole shoidd l)e and she found the answer by 
measuring the dowel. liiU when she brought the drilled niirron; hack to chu«, she discovered 
that the hole was too big and the dowel just slipped through without sticking. Ane iier student 
suggested that she could wrap some duct tape around the dowel to make it fatter. This ciided 
up being a great solution. The tajxi around the dowel looked exactly right l)ecause the edges of 
the mirror were also wrapj)ed in duct tape. 

/\s the students experiment with their Snacks, they are also working out the science lK»hind 
their projects. The final step of Snack-building is writing and prcxkicing "graphics," the 
instructions and explanations that accompany each project, Knther than copying the text 
from \\viSimckbook\ I ask the students to put the instructions into their own words. If the 
graphic could benefit from a diagram, which is almost always the c:ise, 1 have them draw one. 
It's up to you whether to edit for graiiiiiiar and spelling, but 1 always check the explanations 
to make sure the science is correct. If one of luy sludeiils has misunderstood a concept, 1 talk 
it over and have him or her redo die graphic. 
If you have computers in your class, you can have the mudents use them to iirint out their 

graphics. If not, a typed or neatly written graphic is 
fine. It's important only that the sign is eas\ to read 
and attractive-looking. 

Once all the Snacks are built and the graphics 
completed, it's time to unveil die nilni- 
TAploratorium ' . The Snacks are assembled on k)ng 
tables i:i die classroom, four per table. 1 assign four 
students at a lime to be "l-xplainers." science guides 
who answer visitor questions. This means that the 
students must be familiar with all the Snacks, not just 
their own, Vou can invite the whole schtK)l to the mini- 
Hxploratoriuni* , I'd aJso suggest a special parent's 
night exhibition. If you invite school administrators to 
the event they might be so impressed with the students' 
work that they loosen the i)urse strings for other 
innovative science programs. It also d(K'sn't hurt to 
call up the local press and toot your horn: the positive publicity niakw you. the principal, and 
the school look good. 

But the real benefit of a mini-Kxploratoriuni ' is for the exhihit-huildei-s tlienist>lves. 
Putting together hands-on experiments involves much more than learning about srience. It 
also builds skills in reading, planning, writing, artwork, using a computer, problem-solving, 
presentation, teaching, and interi)reting science, [laving the students select their own Snacks 
is important; it empowers and engages the students. Planning, problem-solving, and hands- 
on activity keeps them interested in concepts they might otherwise find tedious and difficult. 
Having students sliaa' their new-found knowledge with others reinforces and cements die 
concepts: as any teacher or writer knows, you must first understand a concept before you can 
explain it to others. The combination of all diese activities is a ver\' powerful, engaging, and 
fun \\a\ to build learning skills. 
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Materials 

O One-gallon clear glass 
or plastic jar with a wide 
mouth (a pit kle jar works 
wvllK 

O One rubber glove 

(Playlfx'"^' brand works wvll). 
O Matches. 
O Water. 



Be careful wiih uhiss. 



Fog Chamber 

Make a porUihlc cloud ill a hotlle. Now Y<>ii see //, ;/o//' 

you cloi^'t! 




Fluids 



Introduction 

(-IoikIs lorin wiien invisihk- 
water \-apor in the air is cooled 
enough to Ibnn liny droj^lets of li(|uid 
water. In the alniosphere. this usually 
happens w hen moist air eools as it 
rises to higher altitudes, At higher 
altitudes the piessuie is lower, so the 
gas expands, loses internal energy, 
and eools. Vou ean aeeoniplish the 
same cooling by raj-jidly exjXUKling 
the air in a jai'. 



Assembly 




Barely cov er the bottom ol' the 
jar w ith water. I hmg the rubber glo\ e 
inside the jar with Its lingers pointing 
down, and .stretch the gloves open 
end ()\er the mouth of the jar to seal 
it. 



To Do and Notice 

In.scrt your hand into the glow and pu!l it (juickly outward without 
disturbing the jar's seal. Nothing will haj^pet.. Next, remove the glow, droji 
a lit match into the lar. and replaoe.the glow. Pull outward on the glow once 
more, l-og forms Inside iIk' tu\*\Vhen y()0 pi.fll the glow outward, and 



BEST COPY AVAUBLE 



Exploratorium Science Snackbook 



Fog Chamber 



Etc. 

I'or an atldctl (R*al. shiiH' 
a sliLk' projot ior tliroiiLih ilic 
floud yon luaki' in the jar. 
W'lK-n iIk' sinokc is fresh, the 
droplets w ill he lar,i»e eonipared 
to all wavelengths ol visible 
li^ulii, and the lii^ht they seatter 
w ill he w hite. As the smoke 
dissipates, the water elrops will 
hecome smaller ami the li,uht 
seattered will ereati' heaLitifiil 
pastel eolors at some viewini; 
angles. Light of diliereni eolors 
dilTracls around the small 
droplets, t^oing ofi' in LlilTerent 
direetions. If you look at c louds 
near the sun. you van often se-e 
hands of these pastel eolors. 
(Ketnemher you should never 
look direetly at (he sun.) 

I'or a longer dise iission of" 
this effect, see the hook Clouds 
/// a (iUtss oflk'cr. hy C. 
Boh re n. 



disapj')ears when the glow snaps 
hack. The fog will form for S to 10 
minutes hefore the smoke parlieles 
settle and have to he replenished. 




his is a roundahoLii way of saying that the 



What's Going On? 

Water molecules are present 
in the air inside the jar, hut they're 
in the I'orm of an invisihle gas, or 
r(ij)(>r. Hying arouiul incli\'iduall\' 
and not sticking to one anotlK-r. 
When you pull the glove outward, 
^oLi allow the air in the jar to 
expand, liut in expanding, the air 
must do work, whic'h means that It 
loses some ol" its thermal enL'rg\\ 
which in turn means that its 
molecules (including those of the 
wali^'r vapoi"), slow down slightly, 
air hecomes cooler! 

When the water molecules slow down, they can stick to eac'h other 
more easily, .so they begin to buneii up in tiny dropk'ts. The particles of 
smoke in the jar help this procL'ss along: the water molecules bunch together 
more easily when there's a soliti particle to act as a nucleus. When you push 
the glove back in. \-ou wann the air in the jar slightly, which cau.ses the tiny 
eiroplets to evaporate anel again become inv isihle. 

In the atmosphere, air expands as it vises to regions of lower pressure', 
and t'ools off. forming cIoulIs. This is why cIolkIs ol'ten obscure mountain 
tops. Dust, smoke, and salt panicles in the air all provide nuclei that help the 
droplets condense. 

Meteorologists consider a falling barometer reading (low air pressure) 
to be a sign of an approaching storm, w hile high prcssinv is usually a sign of 
clear weather. The temperature at which watei' vapor Ix'gins to form droplets 
on a surl'ace is called the dew fioiui. 
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Mirrorly a Window 

What yoH see is often affected by what you expect to see 





Materials 

O Two mirrors. 12" x 12". 
either t;!:ts.s mirror tik's or phisiic 
mirrors. 

O Two wooden dowels, I " 

in diaincler \ 1' loni^ 
O F.poxy glue. 
O Duct tape. 

Be careful w iih uiass. 

Etc. 

A simpler wrsion ol' 
ihis cxpcrinK'nt uses ;i single 
12"-s(ju:uv mirror w ith no 
cpoxiod haiullos. Prop the 
mirror up on a table, llokl one 
of your amis on eaeh side of 
the mirror so that you .see the 
relleetion ol'one arm as the 
eontinuaiion ol ilu.* other arm. 
Snaj*) the lingers on both hands 
sinuiltaneously. then stop 
snapping the fingers on only 
one hand. Or haw someone 
drop an ohjeei (sueh as a set of 
keys) into the hand hehitui (he 
mirror. 



Light 



Reflection 



Introduction 

When your brain expeets to sec one thing, and is presented with 
something (|uite diriereni. you ean feel some peeuliar sensations. 

Assembly 

('j|ue the mirrors together, back to baek. If you are using glass mirror 
tiles. tajX' the sharp edges. (.Hue a \\f)oderi dowel to eaeh mirror. The tlowel 
should be positioned .so that it stieks .straight out of" the middle ol the mirror. 
11* you are using plastie mirrors, you eati tlrill a hole through the center of the 
double-mirror and pass a wooden dowel through the hole. 



To Do and Notice 

Chab a dowel with each band. While looking at one side 
minor, mow the hand on the other side of the mirror. 



)f the 



What's Going On? 

> ()ur brain is fooled into thinking that the image it .sees in the mirroi- 
is actually your other hand. When nou inoxe that hand. \()ur brain naturalK 
expects to see the hand mow. .M'ter all. messages from the nerws in that 
hand tell your I^ntin that the hand is moving. The hand s apparent failure to 
mow is profoundly disiud^ing to xour brain, which doesn't enjo\ ha\ing its 
a.ssumpiions trilled with! 
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Materials 

O Tennis ball or wifdc bull. 

O One 9-volt buzzer 

(availahk* at Radio Shack; high 

pilch works best ). 

O One 9-volt battery and 

contKvlors. 

O Strong string. 

O Heavy rubber bands. 

O Knife 

O Scrap paper to pac k 

insiclc the ball. 

O Optional: On oi'f .sw ilc h 
(available in RacHo Shack or 
hardware .stores). 
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Doppler Effect 

The Doppler ejfect causes the "iieeeeeoowwm " sound of a 
speeding car passing b\\ 




• .. •. • ^ ■ ■ ■ ■l':t 




Introduction 

When a sound source ino\ es towai'd oi' away I'roni you. its j-)itch 
chani^es. I'roni this et't'ecl yoii can cleleimine whether the source is nioxing 
toward or away from you. and you can esiiniate how fa.st it s goini;. 

Assembly 

Cut a slit halfway around the ball with a sharp knife. Connect a wire 
between one terminal on the battery and one terminal on the buzzer. II" the 
ixizzer has a ( + ) aiid (-) lerniinal. be sure to connect the buzzer terminal to 
ihe proper batteiy terminal. Connect a wire to the remainini^ terminal on the 
batten', and another wire to the remainini^ terminal on the buzzer. liach of 
tiiese wires will now ha\e one imconnected end. Place both battery a.'^.d 
buzzer inside the ball, leaving the two unconnected wire ends protruding 
from the ball. Pack the ball loo.sely with paper, leaving the buzzer near the 
out.side. Ck).se the ball with tape (Jt rubber bands, and twi.si the wires together 
to turn the buzzer on. Vou may want to wire a .switch into your circuit .so \'ou 
can turn the buzzer on and off more coin enientlv. 




Exploratorium Science Snackbook 



Doppler Effect 



Etc. 

The Doppler effect is 
also ohseived with light. In the 
case of light, it's tlie color that 
changes. The color of an ohject 
incn ing away from us hecoines 
slightly redder; if an object is 
approaching, it api")ears bluer. 
This effect allows astronomers to 
determine w hether gala.xies are 
approaching us or mov ing away, 
and e\en how fast they re 
moN ing (the bigger the "red 
shift." the faster they're moving 
away from us). 

Police w ith radar guns 
use the Doppler effect to 
determine w hether you're 
speeding! The bigger the 
Doppler effect of the radar 
waves, the faster you're going. 



To Do and Notice 

Attach the ball to a siring and twirl ii around your head, or haw your 
students toss the ball back and forth. .Notice how the pitch of ihe bu/./.er 
changes as the ball approaches you or mows away from you. 

What's Going On? 

When an oscillator (tlie hu/./.er) moves toward you. in effect it is 
catching up slightly with its own sound waves. With each successive \m\sc of 
ih.e bu/./.er. the sound source is a little closer to you. The result is that the 
w ax es are squeezed together, and more of them reach your ear each second 
tlian if the bu//.er were standing still. Therefore, the i")itch of the bu//.er 
sounds higher. As the hu/./.er moves away from you. few er waws reacli your 
ear each second, so the resulting pitch .sounds lower. 'I'hc frequency of the 
bu/./er itself does not change in either case. 

For your cars to detect this effect, called the Doppler c/fcci, the sound 
source has to be mo\ ing tow ard or away from you ai a minimum speed of 
about IS to 20 mph. As the source mows faster, the effect becomes more 
pronounced. 

If the bu/./er has a frequency of i(K) hei1/., and it is moving toward 
voLi through still air at 3"^ meters per second, then the pitch you hear will be 
1 10 hertz. This result comes from the ecjuation. pitch = /'( 1-/' /' ). where /'is 
the frecjuency, /' is the speed of the source of the sound, and r is the s|')eed of 
sound. .S'^O meters jver second. If the object is moving away from you. simply 
rei')iace the minus sign w ith a j')lus sign. 



ERLC 



1^ 



12 



Three high school 
lecichers show bow 
they use Sirackbook 
experiments as 
laboratories, 
demonstrations, and 
tools for motivation, 

by Paul Doljertv 




Don Ratbjcn says be has been 
teaching high sc/)ool science 
"since tl)e crnst cooled " When 
yon fn ess l)inL be admits to 

tl)irty years of teaching, 
inchuling ex/H.rience in both 
Liberia and I'nrkey, wl)ere f)e 
learned tl)e ralne of/)ands-on 

teaching using simple, 
annlalde materials. Don, who 

n as the Teaclx^r hvject 
Director for the Siiackbook has 

been working n'ith other 
teachers at the ILvploratorinm 
,s'ince 19H4 and was named 
OntsUniding teacher by the 
Exploratorinm in 19^^. 



Hands-On Science, 
Iti Class and Out 



Tlii- llAXDS-ON l-XPI-RIMKNTS in The lixplorcdor/imi AcvW/cv Smtckbook art' p.aliirnl 
leaching tools for the high school chissraoni. Let nie tell \ou how three California high 
school teachei*s use Snacks in quite different ways. Don Kalhjeii uses them as 
demonstrations and motivational tools: Vivian Altmann uses them to attract the attention of her 
at-risk students; and Judith Christensen uses them :ls the heart of the iahoratoiy activities In her 
multicultural classroom. 

Snacks On the Edge: Placing hands-on science materials around 
your classroom 

Don Rathjen, known to other teachers ;ls Mr. Snack, designs and 
builds hands-on exhibits, then uses theni as demonstrations in his high 
school physics chissroom in PleiLsanton. California. Don knows how to 
grab his students' attention, lie breaks a Pyrex® stirring .od in half, 
drops it into a beaker hlled with Karo® s\ rup, and lets his students 
watch as the rod disappears in the fluid. Then he puts his hand in and 
pnlls out a whole rod. Of course, the broken rod is still in the heaker — 
and the luibroken u\\ was there ail the time. They just coiddn'l he seen. 
This simple demonstration, called "Disappearing (I1:lss Rods." is one 
of Don s favorite Snacks. He leaves the beaker and rods and s\ rup lying 
around his classroom for months. The students who play with them gel 
sucked into exploring and disco\ering science on their own. 
When you enter Don's cliLssroom. you may come face-to-face with a (lage-si/.e Kresnel lens 
hanging from the ceiling (see the "(iiant Lens" Snack, jiage D. Don tells of stiidents who duck 
under the lens for months, and then suddenly discover it. Don finds it essential to allow his 
students the time to discover things on llieirown. 

When Don teaches optics, he uses the "(liant l>ens" :ls a demonstration. U\ holding the lens at 
iust the right distance in front of his face, his class sees I ns head replaced by a giant eye. (You can 
see this amusing effect on jiage P .) The students laugh, but they want to tn it too. W hen tliey 
come to Don with questions, he guides them in their personal investigations of image-making. 

The page-magnifier lenses that Don uses are rugged, phistic Fresnel lenses available for less 
than twod()llal^each at discount stores. Two U()side-down metal binder clips, resting on their flat 
bottoms, hold the lenses Uj^right and in place on student s desks. 

Don always has his eye;; open for interesting science materials. Me finds them at phistics stores, 
toy stores, even flea markets. A livsnel lens that came from the hack window of a deliveiy \an 
looks just like the one Don has hanging in his class, but produces the opposite visual effect. W hen 
Don holds it in front of his face, his head ap|)ears to shrink. The students love it. 

Kven if lenses are not a ()art of your curriculum, sav^s Don. don't let that stop you from leaving 
them around for kids to experience, Don's classroom is filled with attention-getting materials: a 
gyroscope fashioned from a bicycle wheel: a pile of blocks used to demonstrate center of gravity : 
|)endulums that swing in pecidiar ways, and many, many more. 
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Viliaii Altmami is a teaclK'r who 

irorks with students iu uou- 
traditiomtl settings. As head of the 
t'xp/aratan'iiw Cbildreu s 
Outycacb Program, she and her 
team i^a ant into the 
nei^hharhaods to hnn}^ the 
Explaraton'nni's style of hands-on 
science to at-risk and 
nnderserred kids. 




Jndith Christenseu. 1989 recipient 
of the Explaratarinm 's 
Outstanding Teac/wr Award, 
currently teacfx'sjire sophonwre 
physics classes at Galileo Hi^h 
School in San f-rancisco. She has 
tan^bt preschool, elementary, 
middle scfnnd, and special- 
education classes and works with 
teachers at all levels to promote 
hands-on science. Her class is 
noisy, messy, and excitin^i> — a 
place where kids discover Ihe 
mysteries of Idmics for 
themselves. 



pi'iiduliinis llial swing in peculiar wax's, and many, many more. 
These attention-grabbers — wliose construction is detailed in [huSHackhook — motivate 
students. Tr\- them yoiii*seir Vou may be suiprised at the discoveries 
both you and your students make. 

Hands-On Science in Non-Traditional Classrooms 

\ 'ivian Altniann and trxlay's Ivxploratorium Children's Outreach 
team. Liana Crouch. Marco Jordan, and Lael Kopke, arrive at the 
Whitney Young Community Center in Hunter's Point. San Francisco, 
with boxes of haiuLs-on activities. The boxes contain parts for the 
"Stripped-Down Motor" Snack (see page 20). The teenagers iit the 
room are labeled at-risk and iindersers'ed, but once they get going, it s 
hard to tell them from any other group of energetic kids. 
After the usual introductions, \ ivian divides the kids into teams. 
She gives each group a length of insulated wire, a jiapercup, twenty cents worth of small 
magnets, two metal paperclips, a l)-cell batteiy, and a nihber band. 

The teams iininediaiely iniliatc a friendly competition to see who can build the ■ k'sf 
motor. Soon, one team Ikls its motor turning, then another team. The groups compare motoi's 
to see whose is fastest. When one group cannot get their motor to run. Vi\' gets the "eN|)erts ' 
from another team to lielp. The kids decide to swap parts between motoi*s: the problem turns 
out to be a dead hatter\ ! The motor construction is just fine, after all. The kids razz the 
i'xploratorium team for bringing them a dead batteiy. and then tuni back to their motoi-s. 
The room is buzzing. 

Without even noticing it. these kids are learning about electricity, magnetism, and moiow 
When the kids make guesses about what will make their motors nin better, and then test 

them, they are doing science. Will twice as many magnets make the motor turn twice 
as fast? \ ivian answers by giving the team more magnets. The iivuor tunis faster, hut 
not twice as fast. W hat about using two batteries? The questicnis and suggestions 
came thick and fast, and the kids get the satisfaction of making discoveries on their 
own. They're learning important techniques for answering questions and solving 
problems; they're working cooperatively, making new friends, showing off their 
skills, and succeeding in science. 

Using Snacks as a Science Laboratoiy 

In Judith (ihristensen's physics class, thirty-six high school sophomores aiv 
jxicked around six laboraton" tables. The crowded class contains memlxTs from a 
variety of ethnic backgrounds: /Vsian. African -American, white. Latino, and more. The cktss i:- 
popidar. hut the students know the\'re exjK'cted to pitch in and work because, in Ms. 
(!hristensen's class, you learn science by doing science. 

Judith organizes her class into six nudti-ethnic groups. ICach group builds its own 
ec|uipment, does a scientific investigation using that equipment, and then presents oral and 
written rejiorts based on its explorations. The students also evaluate each other's work. This 
day. the class is building the "Kleciroscoix'" Snack (see page IS). Once the electroscopes ha\e 
been constnicted. the students will use them to investigate electrostatics. 

For this laboratoiy. all of the teams have successfidly built electroscopes by draping 
charged strips of Scotch Brand Magic Tape® over knt soda stra\\i> stuck into film cans fidl of 
cla\. Judith found the tape in administrative supplies; the straws were donated by a local fast- 
f()(Kl restaurant; the film cans came from a neighborho(Kl camera store, :Mid the cla\ came 
from Judith's own collection of supplies. The residting electrosC()|)es are not black boxes ma<le 
by some science supply house: there arc no hidden or mysterious parts. The >tudents have 
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Judith Cbristenseu sjMsics class 
uses IK) text hooks. Her kids 
learu science hy doiug science. 



built tliein. and so "own" them, if an electroscope breaks, tlie students fix it or build a new one. 

luicb group checks the electroscope it Ikls hiiilt. One girl combs her hair and brings the phistic 
comb toward the strips of tape dangl ing from the soda straws. One piece of tape is repelled by the 
comh. hut the other is attracted. The electroscope works! The team cheers and hrags 
to the surrounding tables. They call Judith to come see their work. She lets ihem 
give her the complete demonstration, then reminds them of the importance of 
writing down what they see. 

To build the exhibits, each team dra\\> on the talents of all its memlx'i's. Some 
students are better at figuringoiit how to huikl equipment from the illustrations 
and photos, some are better at reading, others are better at making things work. If 
you listen carefully, you'll hear discussions in (lantonose, \ ietnamese, and Spanish, 
but Hnglish is \\\tUuiiua fvami of this chissroom. Students who are better at 
Knglish become language teachei^ for the others in their laboratoiy group. 
Students who are l)etter at science become science teachers, even if they are just 
learning Knglish. The final result is a team effoit 

In addition to science and Knglish, students in this chissroom aa' learning about 
different cultures. Judith finds that when students from different backgrounds work 
together, they become more undeiManding of each other. /\s a spur to participation, 
she requires that the groups give each member a group cooperation grade. 

There is a ccmimotion over at one of the tables. Rather than attracting one piece 
of tape and apeliing the other, a comh Ikls attracted both pieces (jf tajx,'. W ith 
Judith's guitlance, the students test their comb on another team's electroscope. W hen it attracts 
both tapes of that electroscope ;ls well, they guess that the comb is the problem. W hen they in 
another comh, they realize that the fii>it comb wiLsn t charged. Their electroscope works iust fine. 
Not only have they solved the problem themselves, but they've also discovered an important 
extension to the simple rule that like charges rqud and unlike charges attract: charged objects 
attract uncharged objects. Judith doesn't let the matter stop there. She ;Lsks her students to write 
down what they saw and did. Judith can then guide them :ls they delve further into the behavior of 
electrical charges. 

Judith doesn't have all the answers for her student's questions, hut she admits when she doesn't 
know them and encourages her students to help her find the aibweiN. Kacii year, she and her 
stutlents learn more about science. And each year, the students guide Judith toward becoming 
more comfortable and adej)t at helping them to find their own answvi's. J 
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Electroscope 

What's your (electrical) sign? 



Materials 

O Four plastic soda straws 

with flexible cntis. 

O i\vo plastic 35mm film 

cans. 

O Enough modeling clay k ) 

fill the film enns haU'w aw 

O One roll of 3-M Scotch 

Magic Tape. 3 width, 

(Don't substitute other brands of 

tape the first time you try this 

Snaek, Onee you know what to 

expec t, you ean experiment 

with other tapes.) 

O Plastic comb and hair or 

a wool sock. 





Introduction 

A eoninionly available brand of plastie tape ean *;ain or lose 
ne*^ati\ely eharged electrons when you stiek it to a surface and rip it off. Hy 
suspendini* pieces of tape from a straw, you ean build an chclr<fSC(f/K\ a 
de\'ice that detects electrical chari^e. A jMastie eomb will enable \{)u io identif\- 
whether the i:>ieees of tape are positively {)r ne<4ati\ely charged. 

Assembly 

Press enou*;h modeling clay into both film cans to fill them halfwav to 
the U)p. Press the inflexible ends of two. soda straws into the cla\- in each can. 
and bend the flexible ends to form hoi i/.ontal arms that extend in opposite 
directions. Tiie heights of the straws should be the same. 

To Do and Notice 

Tear off two i" pieces of tape, i^re.ss each pkxc finnly to a table lop 
or other flat surface. lea\ ing one end of each tajx* sticking up as a handle. 
Ql'ICKLV pull the talx^s from the table and stiek one pi^xc on an arm of a 
straw in one niiii can. and the other piece on an arm of a straw in the other 
film can. .Move the cans so that the two tapes are face to face, about 6" apart, 
'fhen move the ca.ns elo.ser together. Notice that the two tapes rejx'l each 
other. 

Tear off two more pieces of tape and press the siickv side of one 
against the .smooth side of the other, leaving one end of eacli tajx- sticking out 
as a handle. QriCKL^' pull the tapes ajxirt and stiek them to the two 
remaining anns. bring the arms close together. Notice that these two tajxs 
attract each other. 

Run the conib through your iuiir. or rub the eoml-) with the wool. 
Then hold the comb near the dangling tajX's. Notice thai the comb rejxls the 
l^ece of tape whose smooth side was in the middle of the "saiulwich*" and 
attracts the tape who.se sticky side was in the middle. When von hold the 
comb near the tajx,-. pulled from the flat suiface. the comb will repel both 
tapes if they were pulled from a I'ormica'^^^ surface: the comb may attract tajx's 
pulled from other surfaces. 
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Electroscope 



Etc. 

Since sop.ie lablc 
surfaces will not cluugc the 
tai')c, be sure to lest your 
surfaces before trying this 
demonstration with a class. 

enlarge slowly leaks oft' 
the tape into the air or aloni; 
the surface of the tajx*, so you 
may hav e to recharge your 
tapes after a few minutes of use, 

^*()u can use your 
elect rosc(;j')e to test wheliier an 
object is electrically cliarged. 
1-irst use the comb to determine 
the charge on a pKX'c of tai')e. 
and then see whether an object 
whose charge is unknown 
rejX'ls the tape. If the tape is 
negatively cliargcd and an 
object repels it, then the oi'>jeci 
Is negatively charged. Don't use 
attraction to judge w hether an 
object is charged: a charged 
object may at trad an uncharged 
one. If a tape is attracted to an 
object, the tape and the object 
may have opposite chaiges. or 
the tape may be charged and 
the object uncharged, or the 
object may be charged and the 
tape uncharged. But if the tape 
is repelled by the object, the 
tape and the object must have 
the same charge. The only way 
that a tape and an object will 
neither repel nor attract is if 
HOri 1 are uncharged. 



'i'ly pulling other kinds of tape from various surfaces, or rubbing 
various objects togctiier, and then bringing the tajX* or objects near the tapes 
on the arms. Bring your hand near the (apes and notice what hai')i')ens. 

What's Going On? 

when you rip tiie two pieces of tajx* off the table, there is a lug-of- 
war ibr electric charges between each tape anel the tai')ie. The tajX' either 
steals negative charges (electrons) from the table or leaves some of its own 
negative charges behind, depending on what the table is made of (a positive 
ciiarge doesn't move in this situation). In any case, both pieces of tape end up 
with the same kind of charge, either positive or negative. Since like charges 
repel, the pieces of tape repel each other. 

When the tape sandwich is pulled apart, one i')iece rips negative 
charges from the other. One piece of tajx* therefore has extra negative 
cIk rges. The other piece, which has lost some negative charges, now has an 
ove.'"all positive charge. Since opposite charges attract, the two tapes attract 
each other. 

When you iiiii a plastic comb through your hair, the comb beconx's 
negatively charged. Tapes repelled by the comb have a net negative charge, 
and tajX's attracted by the comb either have a net positive charge or are 
uncharged. 

^'ou may ha\ e fouiul that your haiul attracts both j')osiiivel\- aixl 
negatiwiy charged tapes. Your boely is usually uix*harged. unless you have 
accjuired a charge — by walking across a carpel, for example. An uncharged 
object attracts charged objects. When \ou hold Nour hand near a positively 
c harged tape, the tape attracts electrons in your iSody. The \x\n of your body 
nearest the tape becomes ix'gati\ ely charged, while positive charge remains 
behind on the rest of your body. The positive tape is attracted to the nearby 
ix'gative charges more strongly than it's repelled by the more distant j')ositive 
charges, aixl the tajx- moves toward yoLU* hand. 
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Materials 

O A large plastic page 
magnifier Fresnel lens (6"\ 9" 
or larger). Ik* siuv you tlon'i 
tiel a witle -anisic vicwvr lens. If 
you look throuj;li the Ions at a 
hand held an inch or so beyond 
the lens, the hand should 
appear laruer, noi smaller. 
O Spring clips from a 
slaiioneiy More. (See drawing. ) 
O string. 

O Corrugated cardboard ( )r 

foaineore sheet, 9" x 9". 
O Two soda straws. 
O Common pins. 

Be Careful wiili fociisod 
sunliylu. 
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Refraction 



Light 



Giant Lens 

A lens creates an image that hangs in mid-air 




Introduction 

A large hanging lens creates upside-down images of distant objects 
and right-side-up images of nearby objects. ^*ou can locate the upside-down 
images by using a j:>iece of w hite [-laper as a screen. The right-side-up images 
are harder to find. 

Assembly 

Hang the lens from the ceiling at about head height using the clips 
and .string, or ase the clips to support the lens on a table top. as .shown in the 

drawing. 

To Do and Notice 

Stand a few feet back from the lens and look 
through it at objects on the other .side. Distant 
objects will aj->pear upside-down: nearby objects will 
aj')pear right-side-uj"). 

Stand clo.se to the len.s. Hold your hand clo.se 
to the lens on the other side and notice that your 
hand is magnified and riglit-side-up. 

While you stand an arm s length from one side 
of the lens, have a friend stand an arm's length from 
the other. Look at your friend s face through the 
lens. Have your friend bring his or her face clo.ser to 
the lens as you back away, keeping the same two-arms* 
length distance Ix'lween the two of you. Then rex cr.se this 
i / \ proceduiV: you step clo.ser to the lens whik* he or she moves 

J\ } away. Notice how his or her face appears; ask your friend how 
your face appeals. 

Find an object that's brightly illuminated (such as a light bulb 
or a computer screen) and dim the lights in the rest of the room. Hokl the 
lens at least several feet from the object. Hold a large piece of w hite 
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Giant Lens 




l')aj')cr iigainsl ihc side 
of ihc lens thai laces 
away IVom ihc ohjeci. 
Slowly move the 
paper away iVoin ihe 
lens until an linage of 
the object eomes into 
!'( IS on the paper. 

What's Going 
On? 

Li^ht IVoni a 
l^oint on an ohjeet 
spreads out in all 
direetions. When the 

sj')reading lii^ht hits the page-magnifier lens, it is hent toward the axis of the 
lens. (I'his jxige magnifier is called a positive, or C()invr<*iiii>. lens hecairse it 
bends light ra\s together.) 

Page magnifiers have a /ocr// /e^/^'/Aof about 10" (iS cm). A focal 
length is the distance from the lens to an image the lens makes of a tli-siani 
object. If an object is fanher than one focal length ( 10") from the lens, the 
lens can bend all the light that arrives Irom one point on the object imtil i( 
conies back to a point on the other side of the lens. This point is a j^oint on 
the image of the object. If xou put white paper at the place where the light 
ravs meet at a j^oint. an image will a|')jx*ar on the paper. An image that can 
Ik* focused on a piece of paper is calletl a ival iuuiiie. (See l-ignre 1.) 

1 lowever. yon don t need the white paper to see (he image. Simply 
put \-our e\e about 1' farther away from the lens than the location ol' the 
image, imd look at the lens. \nwW .see the image hanging in space. Move 
your head slightly from side to side and watch the image move. (.Actually, 
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Figure 2 Your eye-brain follows the light back to the point from which it appears to spread This 
type of image is called a viriual image. 
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Giant Lens 
Etc, 

^*()Li can Inul ilie ibcal 
Icngili of your parik iilar lens 
using a hiii^lu liglil soiiixv lliai is 
more llian 30' away. (CAl'TION: 
Don'l use ihe sun! The image 
yoL) make can be so hoi ihai il 
can burn ihe i")aper, and so 
bright that it can clanuige your 
eyes.) Hold a pkw of paper 
against the lens on the side 
oi")posite the light. Mo\ e the 
paper a\\a\- from the lens until a 
sharj-) image of the light aj-)pears 
on (he paper. The distance 
from the lens to the image is the 
Jocci/ h) tilth. 

'I'll is type of lens is 
called a I 'res nc/ /ens, after 
August I'lcsnel, w ho figured out 
how to make these lenses for 
the I 'Tench lighthou.se 
commission in the late ISOOs. 
Lighthouses needed large len.ses 
to gather the light from a laiiijo 
ancl make it into a beam. If 
such a lens were ground out of 
glass, it woirld be thick, liea\ \", 
and e.\i:)ensi\e. ITesnel realized 
that the bending of light at the 
lens (K'CLirred at its cur\ ed 
surface, and that the thick gla.ss 
played little role in image 
foniiaiion, lie figured out a 
way to maintain the cur\*ature of 
the surface, but gel rid of the 
useless glass, lie made his 
lighlhou.se lenses out of pri.sms. 



The j:)la.siic len.ses we 
ha\ e u.sed are made out of 
wedges of plastic. The w edges 
inu.st be thicker at the edge in 
order to bend light more, and 
thinner in the center. Run your 
finger ox er the ridges of the 
ITesnel lens and notice from the 
.sound that the ridges are higher 
near the edge and lower and 
smoother near the center. 



\'()ur eye-brain .sy.stem may refu.se to interpret the image as hanging in the air. 
It is so unusual to see .something hanging in (he air that your brain inav insi.st 
that the image is on the surface of the lefis or ewn behind the len.s — howexer. 
the image is actually hanging in sjxice.) 

If an object is clo.ser to the lens than the focal point, the lens cannot 
bend the light .sj:)reading from the object enough to return it to a po\n\. To 
\()ur eye-brain .sy.stem, it looks like there is an image on (be same side of the 
lens as the objed. This t\pe of image is called a rirtual inui^^c. It cannot be 
focu.sed on a piece of jxijx'r. (See I'igure 1.) 




Image Locator 



^ ou can find the location of a real or \ iriual image by building an 
image locator. ITrsh a pin through one end of each .soda .straw. I ".se tlie pins 
to attach the .soda straws to atljacent corners of the 9" .\ 9" corrugated 
cardboard sheet. Push another pin through the other end of one .straw to 
mount it along one edge of the cardboard. The other .straw w ill be free to 
rotate about its end. 

.Mount the image locator firmly in place .so that you can look through 
the straw fixed to one edge and .see one point on the image (.see diagram). 
Then rotate the other .straw until yoii can look through it and .see the .same 
point on the image, (^'ou'li haw to mow your head to look thrt)ugh the 
second straw,) The image is located where two imaginary lines, one drawn 
through each .stniw, cro.s.s. if the image is a real image, \()U can place a piece 
of pa(K'r there and .see it on the paper. 
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Materials 

O Five small disk or 
rectangular ceramic magnets 
(a\ ailahk* al Radio Sliack). 
O Two large paper clips. 
O Plastic, paper, or 
styrofoam cup. 
O Solid (not stranded) 
enameled or insulated 20- 
gauge copper wire, almoin 2' 
long. 

O Masking tape. 
O Battery or power 
supply. W'V have succcs.sriilly 
run motors on one I.^-volt I) 
cell; additional batteries seem 
to make it easier to t;et the 
motor to run. ^'ou may want lo 
try (>-\ ()lt lantern halleries. We 
ha\ e also had excellent results 
usini» a pow er supply ( battery 
eliminator) set lo about \ xolls. 
The advantat;e of the power 
supply is that it w ill supi^ly a 
suiyslantial current ox er a period 
of time. Tnlike batteries, it 
doesn't ha\'e to be replaced. 
Experiment with w hat you bax e. 
and use whalex er works! 
O Two alligator clip leads 
(available al Radio Shack). 
O Wire strippers (it" you aie 
using insulated w ire). 
O Sandpaper ( ii" yoii are 
using enameled w ire). 
O Black, waterproof, felt- 
tipped marker. 
O Battery holder. ( Se<.' 
Assembly tor instructions.) 



Stripped-Down Motor 

As motors go, this is about as simple as it gels. 




0 

Magnetism 



_ Electricity 



Introduction 

A coil ol'w ire becomes an electromagnet when curreni pa.sses 
thr(*ugh it. The electromagnet interacts with a permanent magnet, causing the 
coil to spin. \'oila! ^'ou ha\ e created an electric motor. 

Assembly 

Wind the copper wire into a coil about I" in diameter. .Make (bur or 
five loops. Wrap the ends of the wire around ibe coil a couple of limes on 
opposite sides lo hold the coil together. Lea\-e 2" j^rojecling from each side ol 
the coil, antl cut olT any extra. (See diagram.) 

If you are using insulated wire, strip the insulation oil the ends of 
the wire projecling from the coil, if you are using enameled wire, use the 
sandpaper to iemo\e the enamel. Color o//c'side of o;/cM)rthe projecling 
ends black with the fell-lipped pen. (NOTK: It is \'ery important that the 
orientation oi" the painted sitle corresponels to the orientation shown in the 
drawing below. If the coil is held in a \ erlical plane, paint ibe /o/? half of" our 
of" the wires black.) 

Turn the cup upside-down anel place iwo magnets on top in the 
center. Attach three more magnets inside the cup. directly beneath the 
original two magnels. This will create a .slr(;nger magnetic field as well as 
bold the lop magnets in place. 

rnfold one end of each paper clip and tape iIumii opposite sides of 
the cup. with their unfolded ends down. (See diagram.) Rest the ends of the 
coil in the cradles f"oniied by the paper clips. Adjust the height of the paper 
clips so that wiien the coil spins, it clears the magnets by about 1 16". Adjust 
the coil and the dips until the coil slays balanced and centered while spinning 
freek' on the clips. Crood balance is important in getting the motor lo operate 
well.' 

Once you ha\ e determined how long the projecting ends of the coil 
must be lo rest in the paper-clip cradles, you may trim off any excess wire. 
(Tbe length of the projecting ends depends on the separation of the paper- 
clip cradles, which in turn depends on the w idth of the base of the cup you 
are using. See diagram.) 
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Stripped Down 
Motor 



Etc. 

In ilils motor, ihv 
sliding ck'c trical contact 
hc'twxvn the cntls of the coil ol* 
wire antl tiic jxipcr clips turns 
off" the current for halt' of each 
cycle. Such si idling contacts are 
known as a>niniittaf(?rs. Most 
direct -current electric motors 
use more complicateel 
coinnuilators tluu reverse the 
direction of current flow 
through the lo(^p ex eiy half 
cycle. 'I'he more complicated 
motors are twice as i')owerful as 
the motor described here. 

This motor can also be 
used to demonstrate how a 
generator works. Tiy hooking 
up the ends of the paper clips 
to a sensitive galvanometer 
instead of the hatteiy. Spin the 
coil and see if any current 
registers (^n the meter. 
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If you are using a battery, place it in a hatteiy holder. Vou can make 
your own from a block of wood and lour nails, as shown in the diagram. Tse 
the alligator clip leads to connect the b:atery or j*)ower supply to the paper 
c lips, connecting one terminal of the battery to one paper clip and the other 
terminal to the 



Coil o( insulated wiro 



Stripped 
wire 



Blacken the top half 
of one of the 
stripped Wires 



Stripped wire 




otiier paper clip. 

C'live the 
coil a sj*)in to 
start it turning. 
If it doesn't 
keep spinning 
on its own, 
check to make 
sure that the coil 
assembly is well 
balanced when 
spinning, that 
the enamel has 
been thoroughly 
scraped off if 
enameled wire 

has been used, that the j')rojecting end ha,-, been painic'd with the black pen as 
noted, and that the coil and the magnet are close to each otlier bui do not hit 
each other, "i'ou might also tr>' adjusting the distance separating the cradles: 
this may affect the cjuality of the contact between the coil and the cradles. 

Keep making adju.stments until the motor work.s. Have patience! The 
success rale with this design has been exceptionalK' good. 

What's Going On? 

(Jurrent flows through the wire coil and creates an chrfronuij^tni. 
One face of the coil becomes a noilh p()k\ the other a south pcjle. The 
permanent magnet attracts its oi:)posite pole on the coil and repels its like 
pole, causing the coil to spin. 

Another w ay to describe the operation of the motor i.s to sav that the 
permanent magnets exert forces on the electrical currents flowing through the 
loop of wire. When the loop of wire is in a vertical plane, the forces on the 
top and bottom wires of the loop will be in oppo.site directk)ns. These ' 
oppositely directed forces produce a twisting force, or /o;v///e, on the k)op (;f 
wire that will make it turn. (.See Motor liffixt Snack.) 

Why is it .so imponant to paint half of one projecting wire black? 
Suppose that the permanent magnets are mounted w ith their noUh i*)oles 
facing u|:)ward. The nonh i:)ole of (he permanent magnet will repel the north 
pole of the loop-electromagnet and attract the .south pole. Hut once the south 
pole of the loop-electromagnet was next to the north pole of the jXM'manent 
magnet, it would .stay there. Any push on the looj^ would merely set it rocking 
about this equilibrium position. 

By painting half of one end black, you prev ent current from flowing 
for half of each spxu. 'Hie magnetic field of the loop-elcvlromagnet is turned 
off for that half-si*)in. A.s the .south i*)ole of the loc^p-electromagnet comes 
clo.se.st to the permanent magnet, the jxiint turns ofl" the electric current, 'fhe 
inertia of the rotating coil carries it through half of a turn, past the insulating 
\r.\\\M, When the electric current sians to flow again, the twi.sting force is in the 
same direction as it was before. The ccmI continues to rotate in the .same 
direction. 
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Hknmmtary school 
stiuients awle their 
oini exhibits, 

l)Y ErciiiiYa Neirro 



Making Your Own 
Science Exliibits 



I 




I'.rahiya Selrro tvacbea fiialh 
ami science in a comhined 
JlJ}b/si,\lb-fit'(i(/e c/ass at the 
Presidio U ill school in San 
hwi Cisco, liven hiforeThi; 

I'ApIonilorinni Scit'iicu 
Snac'kliodk was arailahic, 
l-rain ya sought new ways to 
teach science, aadfonud a 
model here at the 
l:xf)loratorinm that she 
adapted for her stndenls. 
Hands-on sciemv facilities m e 

/)0/}/}in}i n/} all over the 
cowitr) '. If there s one in j vnr 
area. ]vn can do what lirainya 
has been doin^ for si,\ years: 
enconra^e learning by bnildinji 
.science "mini-c.\hibils"f<)r the 
classroom. If there's no hands- 
on .science mnsenm nearby, or 
if it 's not feasible for yonr 
stmleuts to visit one. the 
Siuickbook can /nvvide 
ilMit nii.ssinglink. That's 
what it's for. 



IIAVK AIA\'AVS I "SMI) A HANDS-ON. clt )- it -voiiivlf approach to 
science. Ov 'r ihc vvai-s, I've noliccci tliai science lieconies "real*' lor 
those stuck nts who can pnt something toj^ether and watch what it 
does. Six veal's aj;o. while looking; for ways to expand niy own repertoire of 
science activities for kids. I enrolled in a class offeinl by the l-lxploratoriiini 
Teacher (nstitnte. 'I he class, called 'TAplorin^ the l-xploratoriiini.'* wils 
directed iiy Don Uaihien and Tluii-ston Williams, two enerj^etic. iwrscniable 
hi|^h scIkjoI teacheiv 

I had such a };reat time! l-or six weeks, twelve leachei-s became incjiiisitive. 
involved students. We roamed the museum and played with its more than (lOO 
exhibit*^ Our I'oal was to choose an exhibit and build a model dial would 
s(»mehow demonstrate the same scientific principle that the sophisticated 
I'Xploraiorium exhibit illustrated. 

Duriui; the class. I built four of my own orij^inal mini-exhibits and 
w '':hed niy col lea j^ut-s construct and improve du'irowii. 1 was more excited 
about hands-on science than ever. I>ut most imiiortantb. I realb enio\ed and 
relied on the supp<irt of the other teachers as we all struj^j^led to}'ether to 
perfect exhibits that sometimes worked, and sf)!uetimes ilidn't. I came a\\ay 
with innumerable proiects for my classroom, and the reali/ation that this 
kind of approach didn't have to be just for die teacliei's. My kids could do the same tliiuj;- -- 
leariiiu}; about science, workinj; with the supjiort of their peei>., doinj; thiuj^s on their own, and 
bavin}; fun. too. I wanted my students to have this experience. 

Since Presidio Hill School is close to die museum, most of my students were laniiliar with the 
I'Xploratorium. When I suj^i^ested the idea of a future "Mxploriu}; Science" project based on my 
o\\!i experiences at the l-xploratorium. the response was o\ei\vhelniiu};ly enthusiastic — esjjecially 
from the kids. 

In the summer of I9SS. 1 wrote to my students ami told them about the project, t'or the fiN 
siMuester of the school year, I said, tiiey would }»o to the Mxpl(*rat{)rium three times. r»iul choose a 
new exhibit on each visit. Their i'oal would be to desij^n original models of each of these three 
exhibits. With twenty students in my classes. I looked forward to having; sixty diiTea»nt mini- 
exhibits at the end of the semester — a hands-on science museum of {)iir own. 

When school bej;aii. we talked about the project before RoinRto the Kxploratorium. I brought 
in the four exhibit models I had built and let my students play with them. I told them that the 
Mxploratorium cxhibiLs I had replicated looked very different from my models, but both my 
models and the museum exhibits "said" die same thiiiR about physics. I.ike me. they wouldn't 
copy the construction of the exhibit. Ivach student had to find soi ne way to build a model that 
would show the same scientific principle that an Kxploratorium exhibit demonstrated. 

rinally, we were ready for our first visit to the M xploratoriiini. Once inside the museum, the 
kids were Riven an hour to play with cxhibiLs and pick the first one they wanted to replicate. This 
exploration time wus essential. Kids would become captivated by an exhibit, grab a IVieiid to tiy it 
out, and spend time talking and planning and experimenting together. Mach student in the chiss 
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Two shuhuts (/f scorer fk' 
n nexpecfed son ml -Jbaisinti 
f)ro/wr(u\s of a hallnon JWvdwith 
carbon dioxide. I he deioils of this 
Smu'h — C(die(l "Qmrersdfiou 
Piece'' ~<(m he found in TIk' 
I'Aploraloriiim Scifncc Snackbook. 



wus cxpccld lo build a dilTemil exhibit. /Vs the sUKk'iits made d^eir decisions, dicy canic right 
back to nic: they knew that it \v:ls first come. I'ii-st ser\'«l. 

Over die course oftlieir diree visits to tlie nuiseum. niy students cliose (o Iniild exliil)its that 
(lenionstraled many tiifierent scientilic principles, but several favorites came from sections of 
the Kxi)k)ratorium (hat demonstrated i)ei'si)ective, vision, color, and lij^ht. Two favorites were 
"Bird in die Cage" and "Hlue Sky."' 
if you look at the "iJird In the Cage" Snack (see page 27), you can see the exhihil's 

potential llexibility: a variety of coloi-s and sliaj)es can he used to 
demonstrate the concept of afleriniages. The "Blue Sky" exhibit 
(see page .!S) is ajipealing because it's e:Lsy for the kids to I'igure 
out what they will need: essentially, water and some kind of light 
source. Besides this relatively simple iLssenibly. "BhieSky" answei's 
a question that f:uscinates them: "W'iiy Is the sky bhie?" 

Once an individual choice bad kvn made, the student and I 
went to look at the exhibit and make prelim inar\- plans. 1 iLsked 
them to tell me how they woidd design this exhibit for the 
classroom. It v/as important to assess whether their plans were 
feasible. Often, the student's |)lan was veiy workable; occasionally. 
I had to make suggestions to help simplify the jirocess. I also had 
to direct one or two students to different, lesscomi)Ilcaled exhibits. 
(In a nuiseum of more than 600 exhibits, this was relatively easy ) 
I left the students alone with their exhibits so they could sketch 
l)reliminaiy designs and write notes from die information at each 
exiiibii. ' asked them to think about how other jieoole would use tlieir model, and to consider 
the science that their model would iiiusiraie. liefore we left the museum. I checked each 
student's design and notes at least once. Many had to return to an exhibit luclarily some 
point in the design or to get more scientific information. My class and I were in the 
Hxploratorium approximately four lioui>; during each of these three field trips. 

B:ick at school, several class sessions were devoted to building each student's science 
proiecl. We all brought in a \ ariety of materials. Like niosl long-term science teachers. I ha\e 
lots of stuff'— often more than I can store. I'or this proiect. I found 1 needed large cardboard 
bo.xes. construction pajK-r, i)osterboard. batteries of various voltages, copper wire of various 
widths, tape. glue, flashlights. niarkei\ and scissor. 

Since storage space is practically nonexistent at Presidio Hill. 1 asked each child to gel a 
sturdy shopping bag with handles, so they could easily cany their "in process" exhibit from 
scli(H)l to home and back. Of come,, this pii'sented its own jiroblems. Some of my studeiiLs 
ended up misplacing their halfdniilt exiiiblts; some left tbeir projects on the bus. Other 
projects and materials just sort of "disappeared." None of the materials were expensive or 
ira'placeable. but it was no fun for those unfortunate students to start over again. 

In the classroom, students selected the materials they needed and heljied each other with 
the construction of their exhibits. During this process, which t(K)k several class |K»riods. 
students nuide comments to each other to help improve designs or make an exiiibit easier to 
assemble or al low the exhibit to be a better demonstration of a scientihc principle. I was 
amazed at how little they needed my help. I helpetl with tlie scientific explanations, and found 
inforniatk)ii for them in the encyclopedia, but when they were buikling dieire.\hibits. they 
used each other as resoiirce.s. 

These sessions were chaotic, but wondetfid. We had materials all over the room and at least 
three conversations going at once. W'e might start with a question like. ••W hat color should I 
make this j)art of my s|)inning disk? ' and end uj) with a comjilex examination of how cones 
in the human evj actuallv woi k. 
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Not eveiylhinj; went peiieclly, of c()Ui*se, It would Ik* dishonest of nie not to luuiuion the 
time 1 found one student can ing liis name in liis pencil instead of cutting out the cardhoard 
squares lie needed for his model. But all in all, these sessions weiv vcr\- productive. The kids 
were committed to huilding with care. If something didn't work the first time, they i)itched in 
to help each other. Fii'st they had to find the problem, and then hgure out a solution. A 
suident often built his or her project two or three times before the final product wjls 
satisfactoiy. The finishing details were done at home, 

Iksides the time spent building the nuxiels, home\u)rk included a rough draft 
of a paper explaining each exhibit. After I edited this paper and made suggestions 
on how to improve the scientific explanations, each sUident revised his or her 
paper and wrote a final dndl. 

/\s for the math part of the chiss curriculum, it taught itself. The kids were so 
busy calculating, counting, and measuring, diey hardly even noticed how nuich 
they were learning. Though 1 suggested diey use inches and feet when tbey built 
tbeir projects, fur instance, many discovered that it w:ls eiLsier to work widi the 
metric system, and learned how to con\ert from one to the other. 

Finally, we had Kvaluation Day, The students j)resented their projects and let 
their peei^ l)lay with the finished exhibits. This display generated the kind of peer 
sui)port 1 wiLs ho|)ing for. The majority of my kids were so invested in their work 
that each one came away with something diey were proud of :uid diat they 
thoroughly comprehended. 

Their chissmates were genuinely inij)ressed. They had all seen the j)rot()types in 
their various stages, and now they got to play widi a finished model that actually 
worked and showed them something intriguing. I didn t have to use an 
inadequate textbook or workbook: 1 had a kid-directed course that was highly 
productive, encouraged peer support, and built die self-esteem of ever\- student. 

hi one semester, my students were retpiired to create three models bnsed on 
Kxi)loratoriuni exhibits, give oral i)resentationst() demonstrate their exbibits, and 
write scientific and exhibit exi)lanations. W e explori'd many different topics, and 
we all learned new and exciting things. The kids workal U)getlier. solving 
problems on their own and making iinexj)ected discoveries ils tbey went along. 

1 encourage any teacher to give tliese hands-on science exjieriments a tiy. Once 
you have a set of these demonstrations in your chissrooni — wliedier you do it In- 
working with a local museum, or by building the Snacks in \\\iiS}Uickl)oak — 
vou1l have a student-built science museum of vourown. -J 
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Blue Sky 



Now you can explain why the sky is blue and why the 

sunset is red. 



Materials 

O Transparent plastic box, 

c)i' a large heakcM\ jar, or 
ac|uariuin. 

O Flashlight or projector 

(either a si i tic or fil nisi rip 
projector). 

O Powdered milk. 

O Polarizing filter (such as 

iIk' k*ns from an old pair of 

p( )lari/.ecl sunglasses), 

O Blank white card tor 

image sc reen, 

O Hole punch, 

O Optional: I nexposetl 

(blaek) nini slide or 

photographic filni, or an index 

card cut to slide si/c. 

Be careful with ulass. 






Introduction 

when sunlight lra\els through the atmosphere, blue light scatters 
more than the other colors, lea\ ing a dominant yellow -orange luic to the 
transmitted light. The scattered light makes the sky blue: the transmitted light 
makes the sunset reddish-orange. 

Assembly 

ImII the container with water. Place the light source so that the beam 
tra\erses the container, AM powdered milk a pinch at a time and mix it until 
you can clearly see the beam shining through the lic|uid. 

To Do and Notice 

Look at the beam from the side of the tank and then iVom the end of 
the tank, ^"ou can also let the light project onto a while card, which you hold 
at the end of the tank. I'rom the side, the beam looks bluish-w hite: (roin the 
end, it looks yellow-orange. 

If you have 
added enough milk to 
the water, you will be 
able to see the color of 
the beatn cliange from 
blue-white to yellow- 
orange along the length 
of the Ixam, 

If you want to 
look at a narrower i>eam 
of light, use a paper 
puncii to punch a hole 
in the unexposed, black 
slide or in a piece of 3^ 





mm film» or e\en in an index card cut to size, iMace the slide, film, or index 
card in the projector, (Do not hold it in front ol thc lens.) focus the 
projector to obtain a sharp beam. 
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Etc. 

Sfall Cling can polaii/.c 
lit^hl. Place a j^olari/.int^ filler 
betw een the projeeior ant! the 
lank, *!*um liie filter wiiile one 
person \ ie\vs the traiisniiiied 
l")eani from the top and another 
\ ie\vs it from the side. Notice 
that w hen the top person sees a 
bright beam, the side person 
will see a dim beam, and \ ice- 
\ersa. 

^*()U can also lu)ld the 
polarizing filter betw een your 
eye and the tank and rotate the 
filter tt) make the Ix'i.m look 
bright or dim. *I1ie filter 
polarizes the light and so does 
the scattering. When the two 
polarizations are aligned, the 
lK*am will be bright: w hen they 
are at right angles, the beam 
will be dim. 

Scattering pt)lari/.es 
ligiu because liglit is a 
transx eise wa\e. 'The direction 
of tile trans\ ei"se t)scillalion oi 
the electric I'iekl i.s called the 
(fircctlon (>J'p(>l(iiiz(iti(Hi oj'lii^ht. 

The beam of light fron^ 
the slide projector contains 
phot{)ns of light that are 
polarized in all directions: 
horizontally, wrtically and all 
angles in between. ( Consider 
t)nly the verticalK" polarized 
light passing through the tank. 
This light can scatter to the side 
and remain vertically polarized, 
but it cannot scatter uj^wardsl 
To retain the characteristic of a 
transv erse wa\"e after scattering. 
onl\' the vertically polarized 
light can be scattered sideways, 
and only the horizontally 
polarized light can be scattered 
upward. This is shown in the 
clrawifig below. 
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What's Going On? 

The sun produces white light, 
w hich is made \,\\^ oi light of all colors: 
red, orange, yellow, green, blue, indigo, 
\-i-.)lei. Light is a wa\ e. and each of 
these colors corresj')()nds to a diliercjil 
fre(juency. and therefore wavelength, of 
light. The colors in the niinbou 
sj^ectrum are arranged according to their 
frecjuency: \iolet. indigo, and blue light 
ha\e a higher irecjuencs' than red. 
orange, and yellow light. 

When the white light from the sun 
shines through the earth s atmosphere, it 
collides with gas molecules, 'i'hese 
molecules scatter the light. 

The shorter the wavelength of 
light, the more it is scattered by the 
atmosphere. IV'cause it has a shorter 
w avelength, blue light is scattered ten 
times moie than red light. 

Hkie light also has a frecjuency that 
is closer to the resonant frecjuency oi 

;itonis than red light. That is. if the electrons bound to air molecules are 
j^ushed. the\ will oscillate with a natural frecjuency that is e\en higher than 
the iVecjuency of blue light. Blue light j^ushes on the electi'ons with a 
freciueiUA- which is closer lo their natural resonant iVecjLiency than red light. 
"I bis c'Hises the blue liglii to be re-radiated out in all directions, in a process 
called scattering. The red light that is not scattered continues on in its original 
direction. But when you look uj^ in the sky. the scattered blue light i.s the 
light that \c)u .see. 

Why does the .setting stin look reddish-oiange? When the sun is on the 
horizon, its light takes a U)nger jxith through the atmosj^here to your eyes than 
w hen the sun is directk' oxerhead. By the time the light oi'the settiiig sun 
reaches youi' eyes, most ()i'the blue light has been scattered out. 'I'he light 
you iinally see is reddish-oiange. the color oi' white light minus blue. 

X iolel light has an even shoner wavelength than blue light: it scatters 
ev en more than blue light does. So why isn't the sk\' \'iok'l? Because there's 
ju.si not enough of it. The sun puts out much i';K)ie blue light than \ iolet light, 
.so nio.st of the .sc-attered light in the skv is blue. 
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Bird In the Cage 

Stare at a color and see it change. 




Materials 

O Four white posterboards 

( )r j'Jictvs oi p.ipcr. 

O Bright red, green, and 

blue construction or contact 

paper. 

O Small piece of black 
construction or contact 
paper, or black marker jx-n. 
O Scissors. 

O Glue or glue stick ( If y( )li 

arc using con.snuciioii paper). 



Introduction 

^"oLi sec color when rcce|')lor cells (called cones) on your eye's relina 
aic .still HI laletl by light. There are three types of cones, each .scnsitix e to a 
I'jarticLilar color range. If one or more of the three types of cones becomes 
iatigiietl t() the j^oint w here it responds le.ss stnMigly than it normal 1\" would, 
the color yon jUMxeiw Irom a gi\en object will change. 

Assembly 

(Alt the .same simple shape, sik h as a bird or a \\<\\. from each of the 
three colored j')aixMs. (ikic each shai')e ort its own w hite board. Lea\e one 
white board blank. Cw\ a small black eye for each bird (^r fish or draw one in 
with your pen. If you choo.se a bird as the shape, draw the outline of a 
birdcage on the blank board: if you choose a fish, draw a fishbowl, etc. (He 
creativel) 

To Do and Notice 

Place the boards in a well-lit area. (Bright lighting is a significant 
factor in making this effect work well.) 

Stare at the eye of the red bird for It to 20 .seconds and then cjuickly 
stare at the birdcage, ^"ou should .see a bluish-green kyan) bird in the cage. 
Now repeat the proce.s.s. staring at the green bird, ^'ou should see a reddish- 
blue (magenta) bird in the cage, l-inally. stare at the blue bird, ^*ou should 
.see a yelloxs bird in the cage. (If you used a fish, try the same j^rocedure with 
the fish and the bowl.) 











• 
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Etc. 

You can design oilier 
objects witii tliffereni colored 
pajXM' and |'>rcdici liie results. 
Try a l'>lue banana! I'or smaller 
versions, you can use brightly 
eolored stickers (from station- 
eiy, card or gift stores) on index 
cards. 

One classic variation of 
this experiment uses an after- 
image to make the American 
Hag. Draw a Hag, but substitute 
alternating green and black 
stripes for the familiar red and 
while stripes, and black stars on 
a yellow field for the white stars 
on a blue field. I'or simplicity, 
yon can idealize I he (lag with a 
few thick stripes and a few 
large stars. When you stare at 
the Hag and then stare at a 
blank white l^ackground, the 
Hag's afterimage will appear in 
the correct colors. 

Vou may also want to 
experiment with changing the 
distance between your e\e and 
the completely whiv board 
while yon are obsen ing the 
afterimage. Notice that the 
perceived si/e of the image 
changes, even though the si/e 
of the fatigued region on your 
retina remains the same. The 
perceived si/e of an image 
depends on both the si/e of the 
image on your retina and the 
]X-rceived distance to the object. 



What's Going On? 

'I'he ghostly fishes and birds that you see here are called ({ftchwai\cs. 
An afterimage is an image that stays with you e\-en after you haw stopped 
looking at the object. 

'!lie back of your eye is lined with light-sensitive cells called voch .md 
cones. (>ones are sensitive to colored light, and each of the three types of 
cones is sensitive to a particular range of color. 

When you stare at the red bird, the image falls on one region of your 
retina. The red-sensiti\ e cells in that region start to grow tired and sio]-) 
responding strongly to red light. The white board rellecis red, blue and green 
light to your eyes (since white light is made up of all these colors). When you 
suddenly shift your ga/e to the blank wiiiie board, the fatigued red-sensitiv e 
cells don't respond to the rellected red light, but the blue-sensitiw and green- 
.sensiii\e cones respond strongly to the reflected blue and green light, .^s a 
result, where the red-sensitive cells don't respond you ,see a bluish -green bird. 
This bluish-green color is called cycuL 

When you stare at the green bird, your green -sensitive cones hecon"* 
fatigued. Then, when you look at the white board, your eyes respond only to 
ihe reflected red and blue light, and you see a red-blue, or nia(^cnfa, bird. 
Simikuiy, when you stare at a blue object, the blue-sensitive cones become 
fatigued, and the reflected red and green light combine to form ye Mow. 
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THE EXPLORATORIUM S CENTOR FOR TEACHING AND LEARNING 

The Center for Teaching and toniinj; is a professional home for elementary-, middle, and high school 
teachei-s which directs and supports their continued intellectual and creative development. At the Center for 
Teaching and Ii?arning, the teachei-s are the students, engaged in a fonnal process of infonnal inqiiiiy that 
is the ver\' stuff of scientific investigation. The Center for Teaching and Learning includes tiie 
Kxploratorium Teacher Institute and School in the Kxploratorium. 

ITie Teacher Institute 

Founded in \%x the Teacher Institute helps California middle and high school science teachei^ dev'eloj) 
a leaming-hy-(l()ing approach to leaching physics, general science, cheniistiy, and mathematics. The 
Teacher Institute develops hands-on activities and translates science into exciting and understandahle 
models for learning that teachers can use in their chissroonis. Intensive summer programs and after-school 
workshops allow teachers to participate in discoveiy-hjised learning. 

School in the Exploratorium 

1-or the past 20 years. School in the Kxploratorium has provided a professional home for inquiiy-based 
science teaching for elenieiitan- school teachei^s. it pro\ ides year-long programs and workshops based on 
interactive learning lechiuques, a lending library of science di.scoveiy kits, curriculum suggestions, and 
guides to building experiments. For the elenientan' teacher, the School in the Fxploratorium is a 

professional university. 

The iixploraioruim irasjhrmillv desiiifuilcd /he firs/ Rc^^ionai Science Resource (km/er in- /he 
Califoniia Ikpar/mc)}/ of /uluca/iou in I9Ki 
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What teachers are saying about 
The Exploratorium Science Snackbook: 



''Terrific resource! My students hare chose)} many of the experiments to 
duplmtejor science projects. " 
— Teresa Miska, Hiiiesville Middle School, Hinesville, (ieorgia 

''Thank you for affordable ways to bring science to my classroom!" 
— Linda Saletri, Milwaukee, Wisconsin 

"Fantastic! I broke up the book copied pages for my ot/jer teachers, 
and filed the originals in my plan book " 
— Steven Greene, The Brooks School, Lincoln, Massachusetts 

"Science fun for my second grade class as well as for my own two sons at horn 
— Carol Wolfe, Pleasanton Unified School District, Plejisanton, California 



